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Complete Nucleotide Sequence of the Murine Erythroid ,8-Spectrin cDNA and Tissue-Specific Expression in Normal and Jaundiced Mice
By Michael L. Bloom, Connie S. Birkenmeier, and Jane E. Barker
Spectrin, a heterodimer of a and j5' subunits, is an essential component of the red blood cell membrane skeleton. The jaundiced (ia/ja) mutation causes a severe hemolytic anemia in mice and is mapped to the erythroid 8-spectrin locus (Spnb-I ) on chromosome 12. As a prerequisite for determining the molecular defect of the jaundiced mutation, we have cloned and sequenced the complete murine reticulocyte cDNA for normal Spnb-1. Two unique transcripts that differ in the placement of polyA tails are represented in the clones isolated. Amino acid sequence comparison between erythroid and murine brain spectrin (Spnb-2, chromosome 11) shows 67% identity throughout repeats 16 and 17 and complete divergence in domain 111, which is associated with the (YIP subunit dimerization and phosphorylation. We examined the tissue distribution of normal PECTRIN, A MAJOR component of the red blood cell S (RBC) membrane skeleton, consists of both a (240 kD) and P (220 kD) subunits.lX2 These subunits associate in an antiparallel fashion to form heterodimers that then form rod-shaped tetramers3r4 The tetramers bind F-actin and band 4.1 through the a and P subunits, producing a meshwork of spectrin multimers that underly the RBC membrane and provide a strong but flexible ~k e l e t o n .~.~ This meshwork is attached to the cytoplasmic face of the RBC membrane by the association of the actin-4. I-spectrin complex with the integral membrane protein, glycophorin C, and band 3, the anion e~changer.~ A second major spectrinattachment site occurs through the interaction of the / 3 subunit with ankyrin, a protein that also binds band 3.' The human erythroid P-spectrin protein, as predicted from the sequence of fetal liver cDNA clones, is composed of three domains.' Domain I consists of the first 273 amino acids and functions in binding actin and band 4.1 .5 Domain I of human and Drosphila contains a conserved amino acid sequence that is also present in the actin-binding region of dystrophin, a-actinin, and slime mold gelation factor."," Domain I1 contains 17 repeats, most ofwhich are composed of 106 amino acids and are predicted to contain a helices." The homology with a-actinin continues into the first 2 repeats ofthis domain." Ankyrin binds to the 15th repeat of@ and mutant erythroid j5'-spectrin transcripts using domainspecific probes. Transcripts are detected in normal spleen tissue and reticulocytes (8 and 9.6 kb), brain tissue (1 0 and 11 kb), skeletal muscle tissue, and cardiac muscle tissue (1 1, 10.3, 7.2, and 4.0 kb). Extensive variability in mRNA processing is shown with region-specific probes. Steady state levels of the mutant transcripts are reduced when hybridized with a probe to repeats 2 through 6 with the exception of the 7.2-kb transcript that is unique to heart and skeletal muscle tissues, and is present at normal and elevated levels, respectively, in ja/ja mice. These results provide evidence for more diverse tissue-specific products of the Spnb-1 gene than were previously suspected. spectrin. 13 Repeats I through 4 include the nucleation site for spectrin-dimer a~semb1y.l~ Domain 111 consists of 52 amino acids at the carboxy terminus and is associated with both dimer self-association and pho~phorylation.'~ Alternative splicing of human erythroid P-spectrin (SPTBN1) transcripts is known to produce a different COOH-terminus, and this form is expressed in skeletal muscle tissue. 16 An essential function of spectrin in the RBC skeleton is to confer structural integrity to the membrane so that it can withstand the shear forces that occur in the circulation. Deficiencies in erythroid P-spectrin and other cytoskeletal proteins cause hemolytic anemia in both the human and the mouse.I7 The mouse mutant jaundiced (ju/ju) has a severe hemolytic anemia caused by an almost complete lack of both a and spectrin in the RBC ghosts.'* The mutation and Spnb-I* colocalize on chromosome 12, providing strong evidence that the primary defect is due to a mutation in the Spnb-1 locus.
As a prerequisite for identifying the molecular defect in ju/ju mice, we have isolated and sequenced reticulocyte cDNA clones encoding the complete normal mouse erythroid P-spectrin protein and have performed Northern blot analysis of transcripts from normal and mutant tissues using domain-specific probes. Our results suggest that the tissue-specific expression of Spnb-1 is more complex than was previously recognized.
MATERIALS AND METHODS
Reticulocyte poly(A+) RNA was isolated from C57BL/6J(B6)-+/+ mice treated with the hemolytic agent phenylhydrazine and was size-selected for greater than 1,000 bases." The cDNA was produced by both random and oligo-dT priming (RiboClone Kit; Promega, Madison, WI, and Stratagene, La Jolla, CA), pooled, and cloned into the LambdaZAP I1 vector cDNA clone isolation.
* Gene symbols are used to designate genes and corresponding cDNAs. Protein products are designated by the full name of the gene. For example, the erythroid P-spectrin gene will be "Spnb-1," and its protein product will be designated the "erythroid 8 (Stratagene). pBluescript plasmids were excised from the isolated Lambda phage according to the manufacturer's instructions (Stratagene). Probes were generated by both isolation of restriction fragments from low melting point agarose (Bethesda Research Laboratories, Bethesda, MD) and polymerase chain reaction (PCR, Perkin-Elmer Cetus, Nonvalk, CT) of cDNA clones with specific oligonucleotides (Oligos Etc, Wilsonville, OR). Probes were labeled using random hexamen?' Plaque lifts were performed using DuraIon-UV membranes fixed with a stratalinker (Stratagene). Filters were hybridized at 42°C in 5X SSCP/l.O% sodium dodecyl sulfate (SDS)/40% formamide/lO% dextran sulfate and washed at 60°C in 0.1 X SSC/O. 1% SDS (94% stringency). Sequencing was performed with Sequenase (US Biochemical, Cleveland, OH) on nested deletions generated with either the Stratagene exo3/mung bean deletion kit or the Promega Erase-a-base system according to the manufacturer's directions. To complete the sequence, specific synthetic oligonucleotides were used as primers (Oligos Etc). Both strands were sequenced for 85% of the sequence. Data entry and analysis were performed using Microgenie (Beckman Instruments, Palo Alto, CA) and PC/GENE (Intelligenetics, Mountain View, CA) DNA and protein analysis software.
Northern blots. Tissues were obtained from B6 +/+ or [WB/ Re(WB) X B6] F1-+/+ or -ju/ju mice raised in our mouse colony. The mice were anesthetized with avertin and perfused with phosphate-buffered saline before removal of the tissues. RNA was isolated using RNazol B (Cinna/Biotecx, Houston, TX) and polyA selected with a Stratagene poly(A) quik mRNA purification kit. Standard 1% formaldehyde gels were run in a 1 X 3-[N-Morpholino] propane-sulfonic acid (MOPS) buffer at 70 V for 6 hours." Gels were blotted with 20x SSC onto Zetabind (AMF Cuno, Meriden, CT) and UV-fixed with a Stratalinker (Stratagene). Filters were hybridized and washed using the same conditions as for library screening. RNA quality and quantity were assayed by UV-shadowing?' Densitometer scanning was performed with a Cliniscan 2 (Helena Labs, Beaumont, TX). cDNA clones. To analyze the complete sequence and expression of Spnb-I, eight cDNA clones were isolated from a B6 reticulocyte cDNA library (B74, B73, B32, B11, B8, B300, B200, and B202). The relative location of each clone is depicted in Fig 1. Clones B8 and B11 were isolated by screening 100,000 plaques from the cDNA library with an Spnb-1 cDNA fragment to repeats 8 through 10 isolated from plasmid pB5KZ3 Additional cDNA clones were isolated by walking 5' to B1 I and 3' to B8. In the 5' direction, B32 was isolated using a 1.5-kb EcoRV fragment (probe 2, Fig 1) from B 1 1 that corresponds to repeats 2 through 6; B73 was isolated using a 237-bp PCR probe from the 5' end of B32 (nucleic acid numbers 1126 through 1363); and B74 was isolated using a PCR probe from the 5' end of B73 (nucleic acid numbers 96 through 1089). In the 3' direction, B200 and B300 were isolated using a PCR probe (nucleic acid numbers 664 1 through 6923) to clone B8; B202 was isolated using a PCR probe to B200 (nucleic acid numbers 7724 through 7924).
Sequencing.

RESULTS
Isolation of
Sequence and sequence comparisons of erythroid p spectrin. The 8,081-base composite nucleic acid sequence is presented in Fig 2. The start codon is located at nucleotide 100 (Fig 2A, a) and corresponds to the start codon of the human homolog, gene symbol SPTB.24 The 3' end of B300 ends at nucleotide 6750 and contains a polyA tail, which is denoted by an arrow in Fig 2B. B300 contains a potential cryptic polyA signal (AAATAA) at nucleotide 6693 that is 5 1-bp 5'to the polyA tail (Fig 2B, c) . Otherwise, no sequence resembling a polyadenylation signal exists for B300. The corresponding human polyadenylation signal from fetal liver sequence is present although apparently not used ( Fig  2B, d) ; thus, the unusual 3'end of B300 may be developmenuse only. tally specific and used only in the adult. Clones B200 and B202 have a polyA tail beginning at nucleotide 8081 and contain the typical AATAAA polyadenylation signal at position 8061 (Fig 2B, e) . Two different (CA),, dinucleotide repeats at nucleotide positions 6920 and 7560 are located in B200 and B202 (Fig 2B, f and g ).
The deduced amino acid sequence is presented in Fig 3A . This sequence shows 90% overall identity to the deduced human fetal liver protein from SPTB.' Domain I is especially well conserved, with 98% identity to the human protein. The dystrophin (chicken and human) and a-actinin (chicken, human, and dictyostelium) consensus sequence in domain I is noted by amino acids placed above the domain-I sequence." The overall conservation within domain I most likely reflects the strong structural constraints of the actin-binding domain. This conservation is also seen in the Drosophila @ spectrin that is 77% identical to human erythroid P-spectrin protein in domain I but is reduced to 66% in repeat 1." In domain 11, the I7 106-amino acid repeats are noted by numbers on the right border of Fig 3A. Amino acids placed above repeat 1 correspond to the repeat consensus sequence found in human erythroid 8-spectrin protein.'' A 68% identity between the murine erythroid and brain P-spectrin prot e i n~'~ is detected in the region corresponding to repeat 16 and 17.
In Fig 3B, we noted that the overall conservation between the human and mouse erythroid @ spectrin continues into domain 111. The erythroid domain 111 (Fig 3B) is unrelated to the brain-spectrin domain-111 sequences that are aligned in Fig 3C. This divergence in domain 111 most likely reflects functional differences between the two proteins.
We compared the domain 111 of the brain spectrin protein from various species with the human erythroid @-spectrin use only. muscle-specific and the Drosophila domain I11 (Fig 3C) . This comparison shows extensive conservation, most likely reflecting strong structural and functional constraints throughout evolution of the progenitor sequence. Data from Winkelmann et all6 provides evidence that alternative splicing within domain 111 of SPTB in muscle tissue produces an alternative C-terminus. We explored the possibility that Northern blot analysis of normal tissues.
other tissue-specific isoforms exist by hybridizing domainspecific probes to oligo-dT-selected RNA from reticulocytes and from skeletal muscle and whole brain tissues. The position of these probes in the reticulocyte cDNA sequence is shown in Fig 1: probe 1 (domain I) ; probe 2 (domain 11, repeats 2 through 6); probe 3 (domain 11, repeats 16 and 17); and probe 4 (specific for the 3' untranslated region of B200/ 202). The analysis shows that Spnb-1 transcripts present in use only. 
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*" * A * * * * * * * * " " * " A " e**** Fig 1) . respectively. Transcript sizes determined relative to 28s and 1 8 s ribosomal RNA are noted under the lanes and summarized in Table 1. reticulocytes and in skeletal muscle and brain tissues differ dramatically in both size and structure (Fig 4 and Table I ). Probes 1 through 3 hybridize to 8.0-kb and 9.6-kb transcripts from reticulocytes, a 10.3-kb and I I-kb transcript from skeletal muscle tissue, and an I I-kb transcript from brain tissue. Probe 4, on the other hand, detects only the 9.6-kb transcript from reticulocytes. suggesting that the 3' end of Spnh-I is specific to the erythroid lineage. A 7.2-kb muscle-tissue transcript lacks the erythroid sequences in probes 1 and 3, but retains those recognized by probe 2. A 4.0-kb muscle-tissue transcript and a 10.0-kb brain-tissue transcript are only detected with probe 1. The sequences completing these three transcripts must differ from those represented in the erythroid cDNA clones we have isolated. Either genomic or tissue-specific cDNA Spnh-I clones are required to provide the missing sequence.
CbbS P A R T Q E T P S A Q t . I E G F L N S S R S W H N
As an initial h'ortlwrn blot unulwis of miitant tissues. step to both determining the molecular defect in the jaundiced mice and assaying for pleiotropic effects of this mutation, we analyzed the steady state levels of Spnh-I message in jaundiced mice. Total RNA from adult mutant (julju) and normal (+/+) tissues was compared using probe 2 ( Fig  5A) . After transfer, the normal and mutant RNA were similar in both quality and quantity." No transcripts were detected in normal or mutant thymus. liver (data not shown). or kidney (data not shown) tissues. Normal cardiac muscle tissue. not previously tested, contained the same size transcripts as skeletal muscle tissue. Mutant transcripts. when detected, were of normal size. but the levels were dramatically reduced in brain. skeletal muscle, and heart tissues ( Fig   5B) . One notable exception was the 7.2-kb transcript in muscle and heart tissues. The 7.2-kb transcript was present at higher than normal levels in skeletal muscle tissue but not in heart tissue. The stringency of the hybridization conditions probably preclude recognition of an alternate gene product. Therefore, it appears the 7.2-kb transcript is erythroid and is not affected by the j u mutation in skeletal muscle tissue. The decrease in 7.2-kb in heart tissue suggests
either a different role in heart than in muscle tissue or expression limited to a specific cell type in heart tissue. 
The tissues and sizes of transcripts detected are placed in the left two columns. The presence or absence of a transcript is denoted by (+) or (-) , respectively, under the probe designations in the top row.
DISCUSSION
We report here the isolation and sequencing of cDNA clones for Spnh-l and the analysis of transcripts expressed from this gene in normal and mutant ju/ju tissues. This analysis provides insight into the complexity of erythroid P-spectrin gene expression and gives initial clues as to the nature of the defect in ju/ju mice.
The drin) is highly conserved between mouse, human. and canine, suggesting functional similarities. Based on these data. we suggest that the alteration of the COOH terminus is one of the basic mechanisms for developing functional diversity of spectrin proteins. COOH-terminus represents a specialization of function specific to erythroid tissues. The unique function of the erythroid COOH-terminus was probably established before mammalian radiation.
Alternative mRNA processing leads to a complex pattern of transcript expression from the erythroid 6-spectrin gene. Multiple transcripts are present in brain and muscle tissues that contain all or part of the domains represented within the reticulocyte cDNA probes 1 through 3. Our data suggest that structurally and functionally diverse erythroid P-spectrin isoforms are present in muscle and brain tissues that contain exons not yet cloned. The transcripts detected are most likely products of Spnb-I, because our Northern blots are washed at 94% stringency. The fact that most transcript levels are reduced in the erythroid 8-spectrin-deficient jaundiced mice provides further proof of Spnb-1 identity.
Variability among the transcripts for any one tissue is extensive. Brain tissue contains at least two Spnb-1 transcripts that are 10 kb and 11 kb in size. Whereas the 1 1-kb transcript is reticulocyte-like except at the 3' terminus, the 10-kb transcript has reticulocyte domain I but does not contain repeats 2 through 6 (a-spectrin nucleation site), repeats 16 and 17, or the untranslated region. It is probable that this isoform includes an alternative nucleation site not present in the other brain Spnb-1 isoform. The murine 1 1.0-kb and 10.3-kb heart tissue transcripts detected with probes 1 through 3 are the appropriate size to encode two proteins (270 kD and 246 kD) that are present after Western blotting of rat heart tissue with an erythroid P-spectrin-specific antibody. 28 The 10.3-kb transcript we find in muscle tissue has not been reported previously with a probe to repeats 8 through 10,23,25 suggesting that the 10.3-kb transcript does not include the usual repeats 8 through 10. Muscle tissue also contains two isoforms transcribed from mRNAs of 7.2 kb and 4.0 kb that do not have all known erythroid domains. The missing domains may be replaced through alternate exon usage to generate proteins with unique functions or may actually lack specific exons. Particularly interesting in this regard is the 4.0-kb transcript that lacks the erythroid a-spectrin nucleation site. The unique 4.0-kb muscle transcript may encode a previously reported p spectrin from clustered acetylcholine receptors (AChR).29 Bloch and Morrow29 have observed that a spectrin is absent from these AChR clusters.
The jaundiced mutation offers a unique opportunity to study the functional role that erythroid / 3 spectrin plays in various tissues. As a prerequisite to understanding this role, we sought to determine the nature of the molecular defect and the subsequent effect that this mutation has on protein isoforms of this gene. Present results show that the steadystate levels of most Spnb-I transcripts are reduced in the mutant tissues when hybridized with probe 2 for repeats 2 through 6. A 7.2-kb transcript is present in normal jaundiced skeletal muscle and heart tissues. The quantitative data suggest that this transcript is upregulated in the jaundiced muscle tissue but not in heart tissue. The increase in the 7.2-kb transcript may reflect a compensatory mechanism for the loss ofthe 1 1-kb and 10.3-kb isoforms. The fact that the 7.2-kb transcript, detected by probe 2, is at normal or elevated levels also suggests that the mutation is not located within repeats 2 through 6.
Diversity of spectrin molecules has previously been shown at the genetic, molecular, and biochemical level. The erythroid and brain spectrins have been mapped to different chromosomal positions in both mice and humans. Differential splicing of the SPTB in humans produces an alternative COOH-terminus in muscle tissue. In-frame insertions of human brain a spectrin (fodrin, gene symbol SPTAN1) produce alternative carboxy terminal sequence^.^' Three antigenically distinct isoforms of spectrin have been characterized in brain tissue and more isoforms have been predicted for glial cells.31 Our results provide evidence for further diversity within the spectrin protein family and, perhaps, within the coding sequence of Spnb-1 itself.
